We propose a new model for describing baryon semi-leptonic decays for estimating F and re-examined. Furthermore, the unmeasured values of (g 1 /f 1 ) and (g 1 ) for other hyperon semileptonic decays are predicted from this new formula.
Introduction
Triggered by the measurement of the polarized structure function of proton g p 1 (x) by EMC in 1987 [1] , the internal structure of a nucleon remains a challenging subject in nuclear and particle physics. Surprisingly, the measured g p 1 (x) implies that only a small part of the nucleon spin is carried by quarks, and the polarization of the strange quark is negative and quite large. At the leading-order of QCD, the amount of the strange quark carrying the nucleon spin ∆s(Q 2 )(≡ ∆s s + ∆s s ) is given by
where F and D are Cabibbo parameters [2] and Γ 
using F and D values with the assumption of SU(3) flavor symmetry. This result is not anticipated in conventional quark models, and is often referred to as the proton spin crisis [3] .
However, note that the SU(3) flavor symmetry is not a good description because of the rather large mass difference between strange and nonstrange quarks. Furthermore, recent data on the longitudinally polarized semi-inclusive DIS [4] suggest the asymmetry between ∆ū(x) and ∆d(x); that is , even SU(2) flavor is broken. Now, significant deviations between high precision data on various baryon semi-leptonic decays and g 1 /f 1 expressed from F and D under SU(3) flavor symmetry are seen. Accordingly, it is important to reconsider the result of eq.(2) using F and D values without SU(3) and SU (2) flavor symmetry.
There have been several attempts to estimate F and D values by taking the SU(3) or SU (2) flavor breaking into account [5] . For the SU(3) flavor, the breaking effects have been considered from the effective Hamiltonian formalism [6, 7] , possible SU(3) breaking with hypercharge matrix λ 8 [8] , the 1/N c expansion [9, 10] , the baryon mass differences [11] , and the center-of-mass corrections [12] . In the case of SU(2), F and D values have been estimated by considering the Λ 0 -Σ 0 mixing induced from the isospin-violation [13] . Although these analyses are interesting in themselves, they are not yet general and are insufficient to constrain the parameter of polarized quark distribution functions describing quark spin contents. In this paper, to estimate more reliable F and D values, we propose a new model of baryon semi-leptonic decays that incorporates both SU(3) and SU(2) flavor symmetry breaking generally, and we attempt to derive the polarized strange-quark content in the proton from those F and D values.
In the next section, we derive the most general formulas for F and D values without SU (3) and SU(2) flavor symmetry. The χ 2 analysis is carried out in Section 3. Using the obtained F
and D values, we estimate the first moment of polarized strange-quarks. Section 4 provides the summary and discussion.
2 Form factors with both SU(3) and SU(2) flavor symmetry breaking
The matrix element for baryon semi-leptonic decay A → B + ℓ +ν is given by
where G F is the universal weak coupling constant, and p ℓ and p ν the four momenta of the lepton and anti-neutrino, respectively. The hadronic current is written as [14] < B|J
where C is the mixing parameter V ud or V us with the Cabibbo-Kobayashi-Maskawa (CKM) matrix element for |∆S| = 0 or 1 transitions, respectively. p A and p B are the four momenta of the initial and final baryons, and M the mass of the initial baryon. q is the momentum transfer given by
The functions f i (q 2 ) and g i (q 2 ) with i = 1, 2, and 3 are the vector and axialvector current form factors, respectively, and include all information on hadron dynamics. In literature, f 1 , f 2 , and f 3 are called the vector, the induced tensor or weak magnetism, and the induced scalar form factors, respectively, and g 1 , g 2 , and g 3 are the axial-vector, the induced pseudo-tensor or weak-electricity, and the induced pseudoscalar form factors, respectively. In
Weinberg's classification, f 3 and g 2 are associated with second-class currents, whereas the others are first-class currents [15] . Now, we consider the Hamiltonian
describing mass-splitting interactions, where H 0 is SU(3) symmetric, and h ′ is responsible for the mass differences among particles in baryon or meson SU(3) multiplets [16, 17] . Assuming that H is invariant under charge conjugation, and that the breaking term h ′ is originated from the third and eighth components of an octet, we can expand the weak current to the first order in h ′ , as
for the first-class covariants of γ µ , σ µν q ν , γ µ γ 5 , and γ 5 q µ . Here, i gives the i-th component of the weak current, and α and β are taken as parameters for SU(2) and SU (3) (6) is the matrix representing the baryon octet:
2.1 The vector and axial-vector form factors f 1 and g 1
The Ademollo-Gatto theorem guarantees that the vector form factor f 1 is not modified in the first order in the symmetry breaking, but occurs in the second order [18] . In contrast, the axial-vector form factor g 1 is affected by the first-order symmetry breaking. In the present analysis, we only consider the corrections from the first-order symmetry breaking of SU (2) and SU(3). After some algebraic calculation with eq. (6), we obtain the ratios of the axial-vector to vector form factors
with the first-class amplitudes a, b, c, h of the correction terms and α, β describing the contributions of SU (2) and SU(3) symmetry breaking. Since the vector form factor is absent in Σ − → Λ 0 and Σ + → Λ 0 , we present the expression for the axial-vector form factor. In the absence of the breaking parameters α and β for SU(2) and SU(3) symmetries, i.e., the SU(3) limit, we see that eqs.(8a)-(8i) are reduced to the formulas given by the Cabibbo model.
2.2
The weak magnetism form factor f 2 and others including f 3 , g 2 , and g 3
The induced tensor or weak magnetism form factor f 2 at q 2 = 0 for each baryon semi-leptonic decay is obtained in terms of the proton and neutron anomalous magnetic moments in the Cabibbo model with SU(3) limit [14] . When the SU(3)/SU(2) symmetry is broken, f 2 would be corrected by the symmetry breaking effects. Although the electron spectrum in baryon semileptonic decays is sensitive to the magnitude of f 2 /f 1 [19, 20] , the measurement of f 2 has not yet been carried out experimentally with sufficient precision. Traditionally, the symmetry effect is expressed by multiplying the M/M p factor from the SU(3) symmetry parameters represented by the Cabibbo model at q 2 = 0, where M and M p are the mass of the decaying baryon A and the proton, respectively. However, we find a significant deviation in the model prediction for
297 from the experimental data −0.96 ± 0.15
. Here, we express f 2 for various decay processes in the symmetry breaking case in terms of the anomalous magnetic moments of relevant baryons instead of the proton µ p and neutron µ n anomalous magnetic moments. The expressions of f 2 are given in Table 1 The weak-electricity form factor g 2 vanishes at the SU(3) limit and V-spin invariance in the absence of second-class current. The induced scalar form factor f 3 also goes to zero in SU(3) limit.
In the real world the SU(3) symmetry is broken and therefore these form factors are expected to have some significant value. However, we ignore the g 2 terms because the corrections to g 2 in first-order symmetry breaking contribute to the decay amplitude in the second order [22, 23] .
Furthermore, since the contribution of f 3 to baryon semi-leptonic decay is suppressed by the mass of the emitted lepton, we can safely omit the term including f 3 . Since the induced pseudoscalar form factor g 3 is also proportional to m ℓ , this contribution is negligible as well.
Numerical analyses and results
We determine the parameters of g 1 /f 1 given in eqs.(8a)-(8i) and the CKM matrix elements V ud and V us from χ 2 -analysis with experimental data for ratios of the axial-vector to vector form factors and for differential semi-leptonic decay rates of baryons. Then, we obtain the values of the parameters for each case of symmetry and symmetry breaking −SU(3) symmetry, SU (3) symmetry breaking, and both SU(3) and SU(2) symmetry breaking. Table 2 shows the data used here [24] . Note that the KTeV group implied two values for g 1 /f 1 of Ξ 0 → Σ + ℓν [25] . One is the case of SU(3) symmetry, and its value is 1.32±
0.22 0.18 . The other is the SU(3) breaking case:
1.17 ± 0.28 ± 0.05. We adopt the former for analysis of SU(3) symmetry case and the latter for symmetry breaking cases.
In fitting our expression for the decay rate to experimental data, we include not only the form factors f 1 and g 1 but also f 2 . We also take into account the radiative corrections and the q 2 -dependence of these form factors.
Radiative corrections play an important role in the precise determination of the CKM matrix, and hence should not be neglected in estimating the effects of SU(3) symmetry breaking [26] .
There are various sets of radiative corrections to the semi-leptonic decay emitting an electron, but the differences in the differential cross section obtained using them varied only by a few percent [26] . Here, we adopt a set of radiative corrections for the hyperon semi-leptonic decays calculated by Tóth et al. [27] shown in Table 3 . The radiative corrections for Ξ − → Σ 0 eν and Ξ 0 → Σ + eν, which are not estimated by ref. [27] , are simply assumed to be the same as that for
For the q 2 -dependence we use the dipole form
for i = 1, 2 with M V = 0.84 (0.97)GeV and M A = 1.08 (1.25)GeV at |∆S| = 0 (1) decays, respectively [20] . As the physical range of q 2 is given in m
, and its value is smaller than M 2 V,A , we approximate the products of the form factors as follows:
The contributions of the term 4q 2 /M Table 4 , where we see that the χ 2 values of SU (3) symmetry for the decay rates of Ξ − → Λ 0 eν and Ξ − → Σ 0 eν are significantly improved by considering the symmetry breaking effects. Furthermore, we could say that not only SU(3) but also SU(2) symmetry breaking effects should be considered to reproduce the experimental data beyond the Cabibbo model with the SU(3) symmetry since the χ 2 /d.o.f. value for both SU (3) and SU (2) breaking is smaller than for SU(3) breaking alone. Table 5 lists the optimal parameters for each case. In the present analysis, the parameters a, b, c and h are smaller than F and D; thus a perturbative expansion with our effective interaction is reliable. From these results, we obtain F/D = 0.599±0.006 for the SU(3) symmetry, 0.648±0.004
for the SU(3) breaking, and 0.572 ± 0.010 for both SU(3) and SU (2) breaking, respectively. The effects of both SU(3) and SU(2) symmetry breaking make F/D rather small. Figure 1 shows the F and D values calculated for SU(3) symmetry and for both SU(3) and SU (2) breaking, where the bands of allowed F and D values are deduced from (g 1 /f 1 ) measurements. For the SU (3) symmetry case ( Fig.1(a) ), the bands that present the experimental errors do not cross at a point.
However, Fig.1(b) shows that the bands completely corrected by the effects of both SU(3) and SU(2) symmetry breaking share a common overlapping region, and one can determine the F and D values in this overlapping region.
These results for χ 2 values (Fig.1) imply the contribution of SU(2) flavor symmetry breaking on baryon semi-leptonic decays. However, should the SU(2) breaking effect for these processes actually be considered ? We consider the Σ − → Λ 0 ℓν process because in that process only |∆S| = 0 interactions work, and one can easily test the presence or absence of SU (2) 
The case of both SU(3) and SU (2) breaking is in agreement with the data of eq. (11) within the error boundary. Experimental data indicate the importance of corrections due to SU(2) breaking.
Using our results, one can predict the unmeasured ratios of axial-vector to vector form factors 
‡ The experimental result is not used to determine our parameters by χ 2 fitting, because it is not listed in the present particle data table.
for both SU(3) and SU (2) 
for SU(3) symmetry. Thus, the central value of ∆s for symmetry breaking increases by about 12% compared with the symmetry case. Therefore, the flavor breaking effect contributes significantly to quark spin contents. This suggests that re-analysis of the proton spin structure using F and D values with full breaking effects is necessary for solving the proton spin crisis.
Summary and discussion
We have proposed a new model of baryon semi-leptonic decays to derive F and D with both SU (3) and SU (2) One expects that direct measurements of ∆s for the nucleon scattering off the neutrino will be conducted at J-PARC with high precisions.
After completion of this work, flavor SU(3) breaking effects in quenched lattice QCD simulations by Sasaki et al. [30] were brought to my attention. They reached a similar result for the V us value.
µ Λ = 0.800 Table 1 : f 2 /f 1 values for three cases, SU(3) symmetry, SU(3) breaking, and both SU(3) and SU (2) breaking, are listed. For Σ − → Λ 0 ℓν and Σ + → Λ 0l ν processes, the values are given for f 2 since f 1 = 0, even though the first-order symmetry breaking is taken into account. The µ Σ 0 of SU(3) breaking and both SU(3) and SU(2) breaking for Ξ − → Σ 0 ℓν is taken as
Rate ( 
